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Radial artery catheters are commonly placed for continuous blood pressure monitoring, frequent arterial blood gas analysis, or frequent blood sampling for diagnostic testing. Current techniques used for radial artery cannulation include: puncturing the vessel and then using the Seldinger technique to advance the catheter over a guidewire, puncturing the vessel and then directly advancing the catheter into the artery, a surgical cutdown to provide direct vessel visualization, use of Doppler ultrasound, and direct vessel visualization with 2-dimensional ultrasound guidance. 1, 2 Ultrasound guidance has emerged as a valuable adjunct for radial artery catheter placement. The advantages of ultrasound guidance include: real-time visualization of landmarks, improved pre-procedure planning, reduction in complications, less time spent at the bedside, and improved first-attempt success rates. Disadvantages of ultrasound guidance include: equipment cost, equipment availability, limited availability of experts to train providers, and the cost of training providers (Table 1) . Ultrasound machines are readily available and widely utilized in many emergency departments, operating rooms, and ICUs. We will summarize the available literature describing the use of ultrasound guidance for the placement of radial artery cath-eters and describe the techniques used during ultrasoundguided arterial catheter placement.
Radial Artery Cannulation
According to the Centers for Disease Control and Prevention, the radial artery is the first choice for arterial catheter placement due to its superficial location and the presence of redundant collateral blood supply to the hand via the ulnar artery in most patients. 3 Adequate collateral circulation from the ulnar artery should be assessed prior to catheter insertion by using the Allen test or modified Allen test. The traditional method for radial artery catheter placement is to locate the vessel via palpation of the pulse or anatomic landmarks. Unfortunately, anatomic landmarks may not locate the radial artery in up to 30% of patients. 4 In patients with severe hypotension, morbid obesity, and atherosclerosis, the radial pulse may be weak or absent, making locating the artery via palpation difficult. Other difficulties commonly encountered during radial artery catheter placement include: the inability to thread the wire, hematoma formation, scarring from previous arterial catheters, atherosclerosis, and arterial spasm. There is significant morbidity associated with catheter placement because the procedure often involves a significant amount of pain and anxiety. Other causes of morbidity include: pseudoaneurysm formation, hematoma formation, hand ischemia resulting from vessel damage during insertion attempts due to inadequate collateral circulation from the ulnar artery, thrombus formation, and infection from improper sterile technique.
Eisen et al 5 found a success rate of 79% for radial artery catheter placement when performed by junior medical residents, a 43% failure rate for female subjects, and a 5.6% failure rate in male subjects. The authors concluded that low systolic blood pressure and poorly palpable radial pulse were correlated with lower success. 5 Martin et al 6 showed a 98% (129/132) success rate for radial artery catheter placement; however, their success rate within 3 puncture attempts was 78% (99/132), and all subjects had a palpable radial pulse. A study by anesthesiologists found a radial artery cannulation success rate of 90%; however, when the pulse was weak, the success rate dropped to 75%. 7 The Centers for Disease Control and Prevention currently recommends that central venous catheters be placed via ultrasound whenever the technology is available. 3 Ultrasound guidance has been shown to reduce complications and increase success rates for bedside clinicians, including respiratory therapists (RTs), during central venous catheter insertion. [3] [4] [5] [6] Ultrasound guidance has been proven to be beneficial for radial artery catheter placement and can be utilized effectively by RTs. 1, [8] [9] [10] [11] [12] In the most recent systematic review and meta-analysis, which included 447 ultrasound attempts versus 455 palpation attempts, Gao et al 13 concluded that ultrasound significantly increased first-attempt success rate. For all subjects, ultrasound was associated with a risk ratio of 1.47 for first-attempt success; for adult subjects, the risk ratio was 1.38, and for pediatric subjects, the risk ratio was 1.73. 13 In another recent meta-analysis, Tang et al 14 also assessed first-attempt success rate and found a risk ratio of 1.98 versus 1.38 for experienced versus inexperienced operators. They concluded that ultrasound guidance reduced the mean number of attempts required for successful catheter placement, reduced time to successful catheter placement, and reduced the number of hematomas. Seto et al 15 randomized 698 subjects to palpation versus ultrasound guidance for radial artery catheterization by experienced interventional cardiologists. They found an increase in first-attempt success rate (65% vs 44%), a decreased need for 5 or more attempts to gain access (2% vs 19%), reduced time to access (88 vs 108 s), and fewer attempts (1.7 vs 3.1). In a similar trial enrolling 192 subjects, Zaremski et al 16 found no difference in success rate (87% vs 87%) between ultrasound guidance and palpation methods. It is important to note that all attempts were made by a single experienced interventional cardiologist. Their results indicated a possible benefit to ultrasound guidance for subjects with weak or absent pulses and obese subjects. 16 Ultrasound guidance may reduce catheter-related infections due to a reduction in attempts and increased firstattempt success rate. 13, 14 Ultrasound guidance reduces the likelihood of hitting the nerve bundle and other structures near the artery due to real-time visualization of the needle as it approaches the artery and underlying structures. This should reduce the morbidity associated with radial artery catheter placement because the procedure can be associated with significant pain, especially when catheter placement requires multiple attempts. To our knowledge, the morbidity associated with insertion has not been specifically evaluated in any studies; however, the meta-analysis from Tang et al 14 suggests that there is less morbidity (fewer attempts, hematomas, and less time for successful catheter placement) with insertion when ultrasound guidance is used. Although it has not been studied specifically, ultrasound guidance is likely to be helpful in training less experienced providers to place radial artery catheters. The radial artery is small and is difficult to locate in patients with hypotension, shock, atherosclerosis, and obesity. By utilizing ultrasound guidance practitioners can develop necessary skills, such as redirecting of the needle, proper needle depth, and wire placement without the difficulty of puncturing the artery. From our anecdotal experience, it is difficult to teach radial artery catheter placement when the learner is having difficulty puncturing the artery. Ultrasound should minimize this difficulty and reduce the risk of vessel damage and morbidity because real-time guidance reduces the likelihood of hitting underlying structures, such as nerves, ligaments, and tendons. Incorporating ultrasound training into arterial catheter placement training may increase ultrasound utilization and reduce complications during training. This strategy has not been studied and should be a focus of future research.
The training of practitioners to place radial arterial catheters has not been well studied. We suggest that prior to placing radial artery catheters, RTs should be required to complete a didactic training session with a mannequin arm. Before being allowed to place catheters independently, they should be required to successfully place 5 radial artery catheters under supervision. The didactic training should include ultrasound guidance with proficiency in ultrasound guidance demonstrated prior to placing radial artery catheters independently. At Duke University Medical Center, ultrasound guidance is used primarily by RTs in the emergency department, since our emergency department RT core team places approximately 400 radial arterial catheters annually. The decision to utilize ultrasound is left to staff discretion, and we tend to use the technology when difficulty has been encountered or is suspected. Data from our institution found an 86% success rate and indicated that prior attempts, sex, and systolic blood pressure were not predictors of success. 10 Staff are strongly encouraged to learn to use ultrasound; however, at this time, ultrasound training is voluntary.
In our institution, RTs certified in radial artery catheter placement complete a bedside training session lasting approximately 30 min while being proctored by an emergency medicine physician or RT trained in ultrasoundguided arterial catheter placement. The training session includes: ultrasound machine operation, identification of the radial artery, demonstration of the transverse and longitudinal methods, proper sterile technique, and proper left-hand technique to prevent probe movement during attempts. RTs are encouraged to perform arterial puncture with ultrasound guidance and to observe central venous catheter placement or peripheral intravenous placement under ultrasound guidance to improve their understanding of the technique. During their initial attempts, the preceptor holds the ultrasound probe and guides the therapist's attempt as necessary. Each therapist is expected to demonstrate the ability to utilize ultrasound guidance without an assistant. Each RT is proctored for 3-5 successful catheter placements or until they feel they can perform the procedure without observation. Currently, yearly competence is not being evaluated.
Ultrasound Techniques
The radial artery is identified using a linear or vascular probe (Fig. 1) . The probe is placed on the wrist where the pulse is palpated (or via anatomic landmarks if there is no palpable pulse) or along the forearm and wrist. The artery will be an anechoic or dark spot that can be differentiated from veins due to pulsation of the vessel. Compression of the vessel will make the pulsation of the artery easier to detect, although too much pressure may collapse the vessel in patients with severe hypotension. Poor blood flow may make differentiating artery from vein difficult, and 
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There are 3 primary techniques used for radial artery cannulation. The first is the transverse method, where the probe is placed perpendicular to the artery (Fig. 2) . The skin is punctured at a 90°angle to the point on the probe that corresponds to the guide in the center of the screen. The needle will enter the screen from the center if properly oriented. Special care must be taken to maintain the probe perpendicular to the vessel to ensure proper alignment of the needle and vessel image, or the needle may miss the vessel. By using real-time guidance, the needle can be redirected toward the vessel if the vessel is missed on the first pass.
The second technique is the longitudinal method, where the probe is oriented parallel to the vessel, and the vessel appears as a darkened area on the screen (Fig. 3) . The skin is punctured parallel to the probe in the exact center of the probe. The needle will enter the screen from either the left or right, depending on the probe's orientation. The needle will be visible entering the vessel when it reaches the correct depth. In some cases, the needle may lie parallel to the artery but may appear to have penetrated it on ultrasound images, in which case no blood return will be seen within the catheter chamber. In this case, the needle should be retracted, and the probe and catheter should be recentered on the long axis of the artery, followed by reinsertion of the catheter.
Berk et al 17 evaluated transverse versus longitudinal method in subjects undergoing cardiac surgery. They found that the longitudinal technique reduced time to successful catheter placement (24 s vs 47 s), increased first-attempt success rate (71% vs 51%), and resulted in fewer complications. Any practitioner who utilizes ultrasound guidance should be able to use both techniques. It has been our experience that the longitudinal method is more difficult to learn and master than the transverse axis method. Once the longitudinal method has been mastered, it may be superior to the transverse method because the needle and catheter can be better visualized entering the vessel. We have used this method to successfully place catheters in patients in whom a flash of blood was never observed in the needle. Quan et al 18 also evaluated transverse versus longitudinal axis in subjects undergoing liver or splenic surgery. One hundred sixty-three subjects were randomized to have radial artery catheters placed either by the transverse or longitudinal method. The first-attempt success rate was higher in the short-axis group (89% vs 73%, P ϭ .02), and the failure rate was lower (0% vs 2.4%) in the long-axis group. There was no difference in the time required for successful catheter placement or complications between the 2 groups. 18 It should be noted the mean arterial pressure was 83 and 79 mm Hg in the 2 groups. The best method to use is still unclear, and the best strategy may be to utilize whichever technique the operator is most comfortable and experienced utilizing.
A third method is the static technique, where the vessel is identified via ultrasound, and a mark is made on the skin along the artery's path with a sterile marker. This technique may be effective, but it negates the advantage of real-time guidance. This technique has been shown to be less effective than real-time 2-dimensional guidance for internal jugular vein central venous catheters. 4 Sterile technique should be strictly maintained while placing radial artery catheters because arterial catheters carry a similar risk of catheter-related bloodstream infection as central venous catheters. 19, 20 Programs proven to reduce catheter-related bloodstream infection include a 5-step program with: (1) web-based education on proper insertion methods, (2) placement of all necessary equipment into a catheter-specific cart, (3) use of a daily checklist during rounds concerning the need for continued catheterization, (4) use of a checklist by a nurse during catheter placement to ensure compliance with best practice, and (5) empowerment of nurses to stop the procedure if insertion guidelines or the sterile field is violated. 20 The use of chlorhexidine-impregnated sponges may reduce catheter-related bloodstream infection. 21, 22 Self-adhesive bandages are available that include a chlorhexidine-impregnated patch. Additional strategies to reduce catheter-related bloodstream infection include: assuring proper hand hygiene, placing a sign on the door indicating that a sterile procedure is in progress, and ensuring that everyone in the room during the procedure wears a cap and mask. Applying the techniques designed to reduce central venous catheter-related bloodstream infection to radial artery catheter placement may reduce catheter-related bloodstream infections, although this has not been directly studied.
For radial artery catheter insertion, the Centers for Disease Control and Prevention recommends barrier precautions that include a hat and mask, skin preparation with 2% chlorhexidine, and an adequate sterile field over the insertion site. 3 A sterile probe cover is required when using ultrasound for catheter insertion. An appropriate probe cover encloses the probe itself and the majority of the cable, preventing contamination of the sterile field (Fig. 4) . The sterile field will maintain insertion site integrity and allow contact of the ultrasound probe without skin contamination. Special care must be taken to avoid contamination of the site selected for cannulation. The ultrasound probe should be held in the non-dominant hand to ensure sterility and practitioner comfort. It may be beneficial to have an assistant hold the ultrasound probe to allow the clinician placing the arterial catheter the use of both hands. This provides the opportunity to visualize the guide wire and catheter entering the vessel, whereas a single practitioner must set the ultrasound probe down in order to thread the wire into the vessel, preventing direct visualization. The assistant must adhere to all guidelines for sterile technique.
Discussion
In patients who present difficult vascular access, ultrasound guidance is effective for establishing both venous and arterial access. Proper training is essential for successful utilization of ultrasound guidance. The radial artery can be difficult to cannulate, especially for those not experienced in the procedure. 6 We support the use of ultrasound guidance to reduce insertion-related complications. Ultrasound guidance has become the standard of care for placement of internal jugular vein central venous catheters and peripherally inserted central catheters; current evidence suggests that ultrasound guidance should be the standard of care for radial artery cannulation as well. The technique can easily be used for arterial puncture and may reduce morbidity associated with arterial puncture and assist in success for patients who are considered "tough sticks." Patient populations where ultrasound should be considered are summarized in Table 2 .
Conclusions
Based upon current evidence, ultrasound guidance should be utilized routinely for the placement of radial arterial catheters. Training on the use of ultrasound should be encouraged for all practitioners who place radial artery catheters.
